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I. NI-FE PHASE DIAGRAM
The Fe-Ni phase diagram is shown in Fig. S1. The
Ni3Fe composition used in our study (75 atomic% Ni) is
highlighted. Even though the equilibrated phase below
773 K has the L12 ordered structure (with Fe atoms oc-
cupying the corners, and the Ni atoms the faces, of the
fcc cube)[1], Ni3Fe produced by ball-milling has the dis-
ordered fcc configuration of γ Fe-Ni at room temperature
[2]. Ordering must occur by a first-order phase transition,
and growth of L12 order is very sluggish. Bulk Ni3Fe is
ferromagnetic with a Curie temperature (TC) of 871 K
[3].
FIG. S1: Phase diagram of Ni-Fe compounds adapted
from [4].
II. X-RAY DIFFRACTION
To monitor the grain growth during heating of the
nanomaterial, grain sizes were determined by X-ray
diffraction (XRD) patterns from a PANalytical X’Pert
Pro X-ray powder diffractometer using Cu Kα radiation.
Samples of an as-milled nanomaterial with grain sizes
of 7 nm were sealed in quartz tubes under vacuum and
heated in a furnace at 20 K/min, the same heating rate
used for the DSC experiments that measured the heat
released during grain growth. After cooling the samples,
their diffraction patterns were measured. As expected,
the peaks sharpen with increasing annealing tempera-
tures as shown in Fig. S2.
FIG. S2: X-ray diffraction patterns of the as-milled
nanomaterial before and after annealing to different
temperatures. The annealing temperatures and the
calculated grain sizes are labeled.
A. Grain Sizes
There are two contributions to the broadening of the
diffraction peaks of samples prepared by ball milling:
broadening due to small grain sizes (βL) and due to
strains (βε). Following the Williamson-Hall method
2[5], these two contributions can be separated, since
they follow different 2θ angle dependencies. Assuming
Lorentzian profiles, they add linearly [6]:
βtot = βL + βε
=
Kλ
L cos θ
+ 4ε tan θ
Multiplying both sides by cos θ we get:
βtot cos θ =
Kλ
L
+ 4ε sin θ (1)
By plotting βtot cos θ vs. sin θ (Williamson-Hall plot)
a linear dependency can be seen, where the slope corre-
sponds to the contribution from strains and the offset to
the grain size broadening. The equation above assumes
an isotropic strain field within the sample. Our samples
do not show such an isotropic behavior, so we modified
the Williamson-Hall method to include elastic anisotropy.
Using the Young’s moduli measured by Turchi, et al. [7]
for the directions corresponding to our XRD peaks, we
rewrite the strain as εhkl = σEhkl. Assuming an isotropic
stress field, the Williamson-Hall equation becomes:
βtot cos θ =
Kλ
L
+
4σ
Ehkl
sin θ (2)
Fig. S3 shows the Williamson-Hall plot for our sam-
ples, as-milled and annealed, together with linear fits.
The colors match those from from Fig. S2 and the gray
lines are measurements on other samples as comparison.
As expected, the nanocrystalline as-milled samples show
larger grain size broadening and also larger slopes due
to strains compared to the annealed samples. While the
as-milled samples show a distribution of grain sizes and
strains, the bulk control samples are very similar to each
other.
The grain sizes were then determined by comparing the
grain size broadening of our samples with those from pre-
vious work with crystallites of 6 nm [8] using the Scherrer
Equation [6]:
βL =
Kλ
L cos θ
(3)
The resulting grain sizes are included in Fig. S2. The
grain sizes and RMS strains and also shown in Fig. S4
as a function of the annealing temperature. The result-
ing RMS strain of the as-milled nanocrystalline sample
is 0.77%, very similar to the 0.75% strain measured by
Chinnasamy, et al. [9].
B. Lattice Parameters
The lattice parameters were determined from the XRD
measurements by the Nelson-Riley method [6]. The as-
milled samples have lattice parameters between 3.5874
- 3.6042 A˚, in good agreement with values reported
FIG. S3: Williamson-Hall plot of the XRD data (+)
and linear fits to the data (solid lines). Colored lines
represent samples annealed at increasing temperatures
(see Fig. S2), from as-milled nanocrystalline samples
(blue) to bulk control samples annealed at 923 K (red).
Gray lines correspond other as-milled and bulk samples
as comparison.
FIG. S4: Grain sizes (•) and RMS strains (+) as
functions of the annealing temperature, determined by
the anisotropic Williamson-Hall method.
for ball-milled Ni3Fe (3.590 A˚[2] and 3.600 A˚[9]). The
annealed control samples have a lattice parameter of
3.5599 A˚, only slightly larger than the lattice parameter
of 3.5533 A˚ reported for a disordered Ni3Fe single crys-
tal [7]. The lattice parameters are inversely dependent
on the grain sizes as pictured in Fig. S5.
III. CONCENTRATION OF IMPURITIES
To measure the concentration of impurities in our sam-
ples, the as-milled and annealed control samples were
3FIG. S5: Grain sizes vs. lattice parameters. The fitted
curve shows an inverse grain size dependency of the
lattice parameters in our Ni3Fe samples.
sent to a commercial laboratory for an instrumental gas
analysis (IGA). In this method, the concentration of gas-
forming elements (C, O, N and S) is measured by rapidly
heating the sample above 2000◦C in an inert environ-
ment. These elements are released as gases, that are
measured by infrared and thermal conductivity detectors.
The IGA results, given in Table S1, show that the ball-
milled nanomaterial and the control sample produced by
annealing the as-milled material at 873 K, have very sim-
ilar concentrations of impurities.
Element Nanomaterial (wt%) Control (wt%)
O 2.8 2.4
C 1.7 1.6
N 0.0064 0.0063
S 0.0018 0.0034
TABLE S1: IGA measurements on the as-milled
nanomaterial, and the control sample prepared by
annealing the as-milled material, showing their
concentration of impurities.
IV. HEAT CAPACITY
A. Boson Peak
Amorphous solids have a low temperature anomaly in
their heat capacity, often called a ”boson peak”, which
is seen as a hump in Cp/T
3 vs T . It arises from excess
low frequency vibrations, but its origin is unclear as ex-
plained in [10]. A peak in Cp/T
3 vs T is also observed
in most crystalline solids, but in contrast to amorphous
solids, its origin is understood. When the heat capacity
of crystals is plotted as Cp/T
3 vs T , a departure from
the Debye model, which describes the behaviour at very
FIG. S6: Heat capacity of nanocrystalline and control
materials plotted as Cp/βT
3 vs T . Insert includes the
low temperature regime (< 15 K) showing a strong
deviation from the Debye model (Cp,Debye = βT
3).
low temperatures, is seen as a peak.
Nanocrystalline materials have thermodynamic sim-
ilarities to amorphous crystals, as both are non-
equilibrated metastable materials. To assess if some of
the excess heat capacity of our nanocrystalline Ni3Fe
arises from such a boson peak, we plotted the heat ca-
pacity of our materials as Cp/βT
3 vs T , where β is the
Debye parameter determined by a low temperature fit of
our data as described in the main manuscript. Interest-
ingly, the peak is much more pronounced in the control
sample than the nanocrystalline sample, as shown in Fig.
S6. The nanomaterial does not have this peak that might
be attributed a glass-like contribution or localized modes.
This plot helps to identify deviations from the Debye
model. A clear deviation is seen at low temperatures as
the value of Cp/βT
3 is larger than one, and seems to
shoot upwards below 5 K (as seen in the insert). This
can be attributed to the linear electronic contribution,
which becomes more pronounced at lower temperatures.
Based on Fig. S6, we discarded the boson peak as a
possible source of excess heat capacity in our nanomate-
rial with respect to the control sample.
B. Low Temperature fits to the Heat Capacity
As presented in the main manuscript, the low temper-
ature heat capacities of the nanocrystalline and control
samples were fitted between 0.4− 10 K to:
Cp(T ) = γT + αT
3/2 + βT 3 .
We compared these fitting results to fits that excluded
the spin wave contribution (αT 3/2). The low tempera-
ture data and both fits, with and without the magnon
term, are shown in Fig. S7. All fitting parameters are
4Fitting Model Sample γ (mJ/mol K2) β (10−2 mJ/mol K4) α (mJ/mol K5/2) RMS error (10−4 J/mol K)
γT + βT 3 control 4.2 2.71 - 1.90
nano 5.9 5.14 - 3.56
Kollie et al.[11] 4.18 2.43 - -
(bulk Ni3Fe)
γT + αT 3/2 + βT 3 control 3.96 2.51 0.16 1.59
nano 5.55 4.81 0.27 3.11
Kollie et al.[11] 4.05 1.89 0.10 -
(bulk Ni3Fe)
Dixon et al.[12] 3.90 1.87 0.12 -
(bulk 68.7% Ni)
TABLE S2: Results from low temperature fits to our measured heat capacities shown in Fig. S7, compared to fitting
parameters from the literature.
FIG. S7: Low temperature heat capacity data plotted
as Cp/T vs. T
2. Colored curves are fits that include the
spin wave contribution, whereas the black and grey lines
only include the Debye and electronic contributions.
presented in Table S2, with their respective RMS errors,
and together with values from the literature.
C. Heat Capacity Data
Individual data points from all heat capacity measure-
ments are presented in Tables S3 - S10. The heat capac-
ities are normalized by the number of moles of atoms.
5T (K) Cp (J/mol K) T (K) Cp (J/mol K) T (K) Cp (J/mol K) T (K) Cp (J/mol K)
306.58 26.65 92.62 11.78 29.70 1.08 6.25 0.04
306.56 26.65 92.36 11.93 25.86 0.74 6.25 0.04
306.56 26.75 92.40 11.96 25.83 0.74 5.40 0.03
306.61 26.73 90.06 11.39 25.81 0.74 5.40 0.03
306.56 26.67 89.79 11.53 25.79 0.73 5.40 0.03
306.55 26.71 89.82 11.56 25.78 0.73 5.40 0.03
285.90 26.08 87.50 11.04 22.43 0.51 5.41 0.03
286.11 26.14 87.21 11.23 22.41 0.51 4.68 0.03
286.12 26.16 87.25 11.25 22.40 0.51 4.68 0.03
265.62 25.24 84.69 10.89 22.39 0.51 4.68 0.03
265.74 25.26 84.70 10.91 22.38 0.50 4.68 0.03
265.74 25.26 84.73 10.90 19.47 0.36 4.68 0.03
245.22 24.44 82.40 10.34 19.45 0.35 4.06 0.02
245.34 24.46 82.11 10.47 19.43 0.35 4.06 0.02
245.34 24.43 82.15 10.50 19.42 0.35 4.06 0.02
224.87 23.60 80.10 10.11 19.42 0.35 4.06 0.02
224.97 23.59 80.11 10.13 16.88 0.25 4.06 0.02
224.95 23.63 80.15 10.13 16.87 0.25 3.51 0.02
204.51 22.73 80.14 10.12 16.87 0.25 3.51 0.02
204.57 22.74 80.14 10.13 16.86 0.25 3.51 0.02
204.56 22.75 69.54 8.13 16.86 0.25 3.52 0.02
184.11 21.57 69.56 8.09 14.65 0.19 3.52 0.02
184.16 21.58 69.59 8.06 14.64 0.19 3.04 0.01
184.16 21.57 69.57 8.06 14.63 0.19 3.04 0.01
163.73 20.16 69.56 8.06 14.63 0.19 3.04 0.01
163.76 20.16 60.36 6.31 14.63 0.19 3.04 0.01
163.76 20.16 60.32 6.30 12.71 0.14 3.04 0.01
143.38 18.47 60.35 6.29 12.69 0.14 2.63 0.01
143.41 18.46 60.34 6.28 12.69 0.14 2.63 0.01
143.39 18.43 60.34 6.28 12.69 0.14 2.63 0.01
123.04 16.36 52.39 4.67 12.69 0.14 2.63 0.01
122.99 16.38 52.34 4.67 11.03 0.11 2.63 0.01
122.99 16.38 52.36 4.67 11.02 0.11 2.28 0.01
112.84 15.14 52.37 4.67 11.02 0.11 2.28 0.01
112.81 15.15 52.37 4.66 11.02 0.11 2.28 0.01
112.80 15.14 45.43 3.34 11.02 0.11 2.28 0.01
109.34 14.52 45.41 3.35 9.56 0.08 2.28 0.01
109.20 14.66 45.43 3.36 9.56 0.08
109.23 14.66 45.44 3.35 9.56 0.08
105.79 14.04 45.44 3.36 9.56 0.08
105.62 14.20 39.63 2.36 9.56 0.08
105.68 14.19 39.45 2.33 8.29 0.06
102.10 13.72 39.42 2.34 8.28 0.06
102.09 13.75 39.41 2.34 8.28 0.06
102.12 13.74 39.41 2.34 8.27 0.06
98.55 13.15 34.37 1.62 8.27 0.06
98.54 13.18 34.29 1.60 7.21 0.05
98.58 13.17 34.24 1.60 7.21 0.05
97.52 12.95 34.21 1.60 7.21 0.05
97.52 12.97 34.21 1.60 7.21 0.05
97.54 12.96 29.82 1.10 7.21 0.05
95.18 12.28 29.76 1.09 6.25 0.04
94.93 12.43 29.73 1.08 6.25 0.04
94.97 12.46 29.71 1.08 6.25 0.04
TABLE S3: 4He Heat capacity data for the 13.39 mg Ni-Fe nanocrystalline sample
6T (K) Cp (J/mol K) T (K) Cp (J/mol K) T (K) Cp (J/mol K) T (K) Cp (J/mol K)
302.74 27.99 88.23 12.28 25.12 0.91 5.22 0.04
302.59 27.96 88.24 12.29 25.12 0.92 5.22 0.04
302.60 27.98 88.24 12.29 25.12 0.92 5.22 0.04
282.27 27.56 85.71 12.00 21.79 0.64 5.23 0.04
282.45 27.62 85.72 11.99 21.77 0.63 4.53 0.03
282.44 27.61 85.71 11.99 21.78 0.63 4.53 0.03
262.18 26.63 83.19 11.64 21.77 0.63 4.53 0.03
262.30 26.63 83.20 11.62 21.78 0.63 4.53 0.03
262.29 26.64 83.20 11.63 18.90 0.44 4.53 0.03
242.03 25.74 80.69 11.20 18.88 0.44 3.93 0.02
242.11 25.81 80.70 11.18 18.88 0.44 3.93 0.02
242.12 25.80 80.69 11.19 18.88 0.44 3.93 0.02
221.93 24.91 78.69 10.80 18.88 0.44 3.93 0.02
221.99 24.95 78.69 10.78 16.38 0.32 3.93 0.02
221.98 24.96 78.68 10.80 16.36 0.31 3.41 0.02
201.77 23.81 78.68 10.78 16.37 0.31 3.41 0.02
201.81 23.81 78.68 10.81 16.37 0.31 3.41 0.02
201.80 23.79 68.26 8.68 16.37 0.31 3.41 0.02
181.59 22.64 68.23 8.66 14.19 0.23 3.41 0.02
181.62 22.67 68.22 8.66 14.19 0.23 2.95 0.02
181.61 22.65 68.22 8.66 14.19 0.23 2.95 0.02
161.43 21.20 68.22 8.67 14.19 0.23 2.95 0.02
161.44 21.22 59.15 6.90 14.19 0.23 2.95 0.02
161.44 21.20 59.14 6.87 12.31 0.17 2.95 0.02
141.26 19.39 59.14 6.87 12.30 0.17 2.57 0.01
141.26 19.41 59.14 6.87 12.31 0.17 2.57 0.01
141.25 19.41 59.14 6.87 12.31 0.17 2.57 0.01
121.08 17.24 51.30 5.22 12.31 0.17 2.57 0.01
121.07 17.26 51.28 5.20 10.67 0.13 2.57 0.01
121.07 17.29 51.28 5.20 10.67 0.13 2.23 0.01
111.00 15.93 51.28 5.19 10.67 0.13 2.23 0.01
110.98 15.93 51.28 5.19 10.67 0.13 2.23 0.01
110.98 15.94 44.48 3.84 10.67 0.13 2.23 0.01
107.43 15.43 44.46 3.82 9.25 0.09 2.23 0.01
107.44 15.44 44.46 3.82 9.24 0.09
107.44 15.43 44.47 3.82 9.25 0.09
103.91 14.95 44.47 3.82 9.25 0.09
103.92 14.97 38.57 2.75 9.25 0.09
103.92 14.96 38.54 2.74 8.02 0.07
100.40 14.43 38.55 2.73 8.02 0.07
100.41 14.42 38.55 2.74 8.02 0.07
100.40 14.43 38.55 2.73 8.02 0.07
96.87 13.80 33.45 1.93 8.02 0.07
96.89 13.80 33.42 1.92 6.94 0.06
96.88 13.80 33.42 1.92 6.95 0.06
95.87 13.63 33.42 1.92 6.95 0.06
95.87 13.62 33.42 1.92 6.95 0.06
95.87 13.62 29.00 1.33 6.95 0.06
93.33 13.07 28.97 1.33 6.03 0.05
93.34 13.07 28.97 1.33 6.03 0.05
93.33 13.07 28.97 1.33 6.03 0.05
90.78 12.63 28.97 1.33 6.03 0.05
90.79 12.62 25.14 0.92 6.03 0.05
90.78 12.63 25.12 0.91 5.22 0.04
TABLE S4: 4He Heat capacity data for the 18.01 mg Ni-Fe nanocrystalline sample
7T (K) Cp (J/mol K) T (K) Cp (J/mol K)
20.18 0.51 2.69 0.02
20.21 0.50 2.69 0.02
20.21 0.50 2.69 0.02
17.83 0.37 2.37 0.01
17.81 0.37 2.37 0.01
17.81 0.37 2.37 0.01
15.71 0.28 2.09 0.01
15.69 0.28 2.08 0.01
15.69 0.28 2.09 0.01
13.86 0.22 1.84 0.01
13.84 0.22 1.84 0.01
13.84 0.22 1.84 0.01
12.23 0.17 1.62 0.01
12.22 0.16 1.63 0.01
12.21 0.16 1.63 0.01
10.79 0.13 1.43 0.01
10.79 0.13 1.44 0.01
10.78 0.13 1.44 0.01
9.52 0.10 1.27 0.01
9.51 0.10 1.27 0.01
9.49 0.10 1.27 0.01
8.39 0.08 1.12 0.01
8.38 0.08 1.12 0.01
8.37 0.08 1.12 0.01
7.39 0.07 0.98 0.01
7.39 0.07 0.98 0.01
7.38 0.07 0.98 0.01
6.46 0.05 0.87 0.01
6.47 0.05 0.87 0.01
6.47 0.05 0.87 0.01
5.72 0.04 0.77 0.004
5.72 0.04 0.77 0.004
5.72 0.04 0.77 0.004
5.05 0.04 0.68 0.004
5.05 0.04 0.68 0.004
5.04 0.04 0.68 0.004
4.45 0.03 0.60 0.004
4.45 0.03 0.59 0.004
4.45 0.03 0.60 0.003
3.92 0.03 0.53 0.004
3.92 0.03 0.53 0.004
3.92 0.03 0.53 0.004
3.45 0.02 0.47 0.003
3.45 0.02 0.47 0.003
3.45 0.02 0.47 0.003
3.05 0.02 0.42 0.003
3.05 0.02 0.42 0.003
3.05 0.02 0.42 0.003
0.00 0.00
0.00 0.00
0.00 0.00
TABLE S5: 3He Heat capacity data for
the 18.9 mg Ni-Fe nanocrystalline sample
8T (K) Cp (J/mol K) T (K) Cp (J/mol K) T (K) Cp (J/mol K) T (K) Cp (J/mol K)
302.49 29.04 83.77 11.91 54.98 6.03 28.55 1.31
302.50 29.15 83.77 11.92 54.98 6.02 26.16 1.06
302.50 29.16 83.77 11.91 54.98 6.02 26.15 1.05
282.17 28.49 83.77 11.92 54.98 6.02 26.14 1.05
282.35 28.53 81.38 11.49 54.98 6.02 26.14 1.05
282.34 28.59 81.38 11.48 52.59 5.52 26.15 1.05
262.11 27.52 81.38 11.47 52.58 5.51 23.75 0.82
262.22 27.53 81.38 11.49 52.58 5.51 23.74 0.82
262.22 27.59 81.38 11.46 52.58 5.51 23.75 0.82
241.97 26.69 78.99 11.00 52.58 5.51 23.74 0.82
242.06 26.76 78.99 11.02 50.18 5.01 23.74 0.82
242.05 26.70 78.99 11.00 50.18 5.01 21.35 0.63
221.87 25.77 79.00 10.99 50.18 5.01 21.34 0.63
221.93 25.82 78.99 10.98 50.18 5.00 21.34 0.63
221.93 25.81 76.59 10.51 50.18 5.00 21.34 0.63
201.74 24.57 76.60 10.52 47.78 4.52 21.34 0.63
201.76 24.62 76.60 10.55 47.77 4.52 18.95 0.47
201.75 24.62 76.60 10.52 47.77 4.52 18.94 0.47
181.56 23.35 76.60 10.50 47.77 4.52 18.94 0.47
181.57 23.37 74.20 10.07 47.77 4.52 18.94 0.47
181.57 23.41 74.21 10.04 45.38 4.06 18.94 0.47
161.40 21.83 74.20 10.03 45.37 4.05 16.54 0.34
161.40 21.81 74.20 10.04 45.37 4.05 16.53 0.34
161.39 21.84 74.20 10.05 45.37 4.05 16.53 0.34
141.24 19.92 71.80 9.54 45.37 4.05 16.53 0.34
141.22 19.95 71.80 9.51 42.97 3.59 16.53 0.34
141.21 19.93 71.80 9.56 42.97 3.59 14.14 0.24
121.08 17.67 71.80 9.53 42.97 3.59 14.13 0.24
121.04 17.71 71.80 9.54 42.97 3.59 14.13 0.24
121.04 17.73 69.40 9.01 42.97 3.59 14.13 0.24
100.92 14.81 69.40 9.00 40.57 3.13 14.13 0.24
100.88 14.79 69.40 9.00 40.56 3.13 11.74 0.16
100.88 14.81 69.40 9.00 40.56 3.13 11.73 0.16
95.84 13.88 69.40 9.01 40.57 3.13 11.73 0.16
95.85 13.88 66.98 8.50 40.56 3.13 11.73 0.16
95.85 13.87 66.99 8.49 38.16 2.73 11.73 0.16
95.85 13.87 66.99 8.49 38.16 2.71 9.33 0.10
95.85 13.87 66.99 8.49 38.16 2.71 9.32 0.10
93.42 13.29 66.99 8.50 38.16 2.71 9.33 0.10
93.43 13.28 64.58 8.05 38.16 2.71 9.33 0.10
93.43 13.29 64.58 8.04 35.76 2.31 9.33 0.10
93.43 13.28 64.58 8.04 35.75 2.31 6.93 0.06
93.43 13.29 64.58 8.03 35.76 2.31 6.92 0.06
90.99 12.82 64.58 8.04 35.76 2.32 6.92 0.06
91.00 12.82 62.17 7.59 35.76 2.31 6.93 0.06
91.00 12.81 62.17 7.59 33.36 1.92 6.92 0.06
91.00 12.82 62.17 7.59 33.35 1.94 4.52 0.03
91.00 12.82 62.17 7.59 33.35 1.94 4.52 0.03
88.57 12.49 62.17 7.59 33.36 1.94 4.52 0.03
88.58 12.49 59.78 7.09 33.36 1.94 4.52 0.03
88.58 12.49 59.78 7.08 30.96 1.62 4.52 0.03
88.57 12.50 59.78 7.08 30.95 1.62 2.12 0.01
88.58 12.48 59.78 7.08 30.95 1.61 2.12 0.01
86.16 12.24 59.78 7.08 30.95 1.61 2.12 0.01
86.17 12.27 57.38 6.55 30.95 1.61 2.12 0.01
86.17 12.23 57.38 6.54 28.56 1.32 2.12 0.01
86.17 12.21 57.38 6.54 28.55 1.32
86.17 12.24 57.38 6.54 28.55 1.31
83.76 11.89 57.38 6.54 28.55 1.31
TABLE S6: 4He Heat capacity data for the 9.95 mg Ni-Fe nanocrystalline sample
9T (K) Cp (J/mol K) T (K) Cp (J/mol K) T (K) Cp (J/mol K) T (K) Cp (J/mol K)
302.32 28.03 90.71 12.62 28.57 1.28 6.73 0.06
302.33 28.08 90.72 12.62 28.57 1.28 6.73 0.06
302.33 28.13 90.72 12.62 28.57 1.29 6.73 0.06
282.04 27.69 88.17 12.28 28.57 1.28 5.82 0.04
282.21 27.76 88.18 12.28 24.75 0.89 5.83 0.04
282.20 27.76 88.18 12.27 24.72 0.89 5.83 0.04
261.97 26.89 85.65 11.98 24.73 0.88 5.83 0.04
262.09 26.89 85.65 11.98 24.73 0.88 5.83 0.04
262.08 26.89 85.65 11.98 24.73 0.88 5.05 0.04
241.83 26.08 83.14 11.59 21.41 0.61 5.04 0.04
241.92 26.12 83.14 11.60 21.39 0.61 5.04 0.04
241.93 26.12 83.14 11.61 21.40 0.61 5.04 0.04
221.75 25.27 80.63 11.15 21.39 0.61 5.04 0.04
221.82 25.27 80.64 11.15 21.40 0.61 4.36 0.03
221.81 25.27 80.63 11.15 18.53 0.43 4.36 0.03
201.61 24.09 78.62 10.76 18.51 0.43 4.37 0.03
201.65 24.10 78.63 10.74 18.51 0.43 4.37 0.03
201.65 24.16 78.63 10.73 18.52 0.42 4.37 0.03
181.47 22.92 78.63 10.75 18.50 0.43 3.78 0.02
181.49 22.98 78.63 10.75 16.03 0.31 3.78 0.02
181.49 22.98 68.08 8.61 16.02 0.31 3.78 0.02
161.33 21.41 68.05 8.59 16.02 0.31 3.78 0.02
161.33 21.44 68.05 8.58 16.02 0.31 3.78 0.02
161.33 21.44 68.05 8.58 16.02 0.31 3.27 0.02
141.16 19.58 68.05 8.58 13.87 0.22 3.27 0.02
141.16 19.56 58.92 6.79 13.86 0.22 3.27 0.02
141.15 19.56 58.88 6.77 13.86 0.22 3.27 0.02
121.00 17.37 58.88 6.76 13.86 0.22 3.27 0.02
120.99 17.36 58.88 6.76 13.87 0.22 2.83 0.02
120.98 17.36 58.88 6.76 12.00 0.16 2.83 0.02
110.91 15.98 51.00 5.11 12.00 0.16 2.83 0.02
110.90 15.97 50.96 5.09 12.00 0.16 2.83 0.02
110.90 16.00 50.96 5.09 12.00 0.16 2.83 0.02
107.36 15.49 50.96 5.09 12.00 0.16 2.45 0.01
107.37 15.51 50.96 5.09 10.39 0.12 2.45 0.01
107.36 15.51 44.15 3.74 10.39 0.12 2.45 0.01
103.84 15.00 44.10 3.72 10.39 0.12 2.45 0.01
103.85 15.00 44.10 3.72 10.39 0.12 2.45 0.01
103.84 15.01 44.10 3.72 10.39 0.12 2.19 0.01
100.33 14.45 44.10 3.72 8.99 0.09 2.19 0.01
100.33 14.47 38.20 2.66 8.98 0.09 2.19 0.01
100.33 14.46 38.16 2.65 8.98 0.09
96.81 13.82 38.16 2.65 8.99 0.09
96.82 13.83 38.16 2.65 8.99 0.09
96.81 13.82 38.16 2.65 7.78 0.07
95.79 13.63 33.06 1.87 7.78 0.07
95.80 13.64 33.02 1.86 7.78 0.07
95.80 13.64 33.02 1.86 7.78 0.07
93.26 13.07 33.02 1.86 7.78 0.07
93.27 13.08 33.02 1.86 6.73 0.06
93.26 13.08 28.61 1.29 6.73 0.06
TABLE S7: 4He Heat capacity data for the 19.47 mg Ni-Fe nanocrystalline sample
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T (K) Cp (J/mol K) T (K) Cp (J/mol K)
15.11 0.16 2.33 0.01
15.13 0.16 2.33 0.01
15.14 0.16 2.33 0.01
13.48 0.12 2.08 0.01
13.48 0.12 2.08 0.01
13.48 0.12 2.08 0.01
12.00 0.10 1.85 0.01
11.99 0.10 1.85 0.01
11.99 0.10 1.85 0.01
10.68 0.08 1.65 0.01
10.68 0.08 1.65 0.01
10.67 0.08 1.65 0.01
9.51 0.06 1.47 0.01
9.50 0.06 1.47 0.01
9.50 0.06 1.47 0.01
8.46 0.05 1.31 0.01
8.46 0.05 1.31 0.01
8.46 0.05 1.31 0.01
7.52 0.04 1.17 0.005
7.53 0.04 1.17 0.005
7.53 0.04 1.17 0.005
6.66 0.04 1.04 0.004
6.66 0.04 1.04 0.004
6.66 0.04 1.04 0.004
5.95 0.03 0.92 0.004
5.94 0.03 0.92 0.004
5.95 0.03 0.92 0.004
5.29 0.03 0.82 0.003
5.29 0.03 0.82 0.003
5.29 0.03 0.82 0.003
4.71 0.02 0.73 0.003
4.71 0.02 0.73 0.003
4.71 0.02 0.73 0.003
4.19 0.02 0.65 0.003
4.19 0.02 0.65 0.003
4.19 0.02 0.65 0.003
3.72 0.02 0.58 0.002
3.73 0.02 0.58 0.002
3.73 0.02 0.58 0.002
3.31 0.01 0.52 0.002
3.32 0.01 0.52 0.002
3.32 0.01 0.52 0.002
2.95 0.01 0.47 0.002
2.95 0.01 0.47 0.002
2.95 0.01 0.47 0.002
2.63 0.01 0.42 0.002
2.63 0.01 0.42 0.002
2.63 0.01 0.42 0.002
TABLE S8: 3He Heat capacity data for
the 18.22 mg Ni-Fe control sample
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T (K) Cp (J/mol K) T (K) Cp (J/mol K) T (K) Cp (J/mol K) T (K) Cp (J/mol K)
302.49 24.98 90.72 11.66 28.95 0.89 6.95 0.04
302.47 24.99 90.72 11.64 28.95 0.89 6.95 0.04
302.47 24.99 90.72 11.66 28.95 0.89 6.95 0.04
282.14 24.68 88.18 11.31 28.95 0.89 6.02 0.03
282.32 24.75 88.18 11.31 25.10 0.58 6.02 0.03
282.32 24.74 88.18 11.28 25.10 0.58 6.03 0.03
262.06 23.98 85.65 11.01 25.10 0.58 6.03 0.03
262.18 24.01 85.65 11.01 25.10 0.58 6.04 0.03
262.18 23.98 85.65 10.99 25.10 0.58 5.22 0.03
241.90 23.37 83.14 10.62 21.78 0.39 5.22 0.03
242.01 23.38 83.14 10.65 21.76 0.39 5.22 0.03
242.00 23.37 83.14 10.60 21.76 0.39 5.22 0.03
221.81 22.70 80.64 10.18 21.76 0.39 5.22 0.03
221.88 22.72 80.64 10.18 21.76 0.38 4.53 0.02
221.88 22.72 80.64 10.18 18.88 0.27 4.53 0.02
201.64 21.79 78.63 9.79 18.86 0.26 4.53 0.02
201.70 21.78 78.63 9.79 18.86 0.26 4.53 0.02
201.69 21.82 78.63 9.77 18.86 0.26 4.53 0.02
181.48 20.87 78.63 9.79 18.87 0.26 3.93 0.02
181.51 20.90 78.63 9.80 16.36 0.19 3.93 0.02
181.51 20.89 68.23 7.71 16.35 0.19 3.93 0.02
161.32 19.62 68.18 7.70 16.35 0.19 3.93 0.02
161.33 19.64 68.18 7.69 16.35 0.19 3.93 0.02
161.33 19.64 68.18 7.70 16.35 0.19 3.40 0.02
141.17 18.07 68.18 7.70 14.18 0.14 3.40 0.02
141.16 18.07 59.16 5.93 14.17 0.14 3.40 0.02
141.15 18.07 59.11 5.92 14.18 0.14 3.41 0.02
121.01 16.09 59.10 5.92 14.18 0.14 3.41 0.02
120.98 16.10 59.10 5.91 14.18 0.14 2.95 0.01
120.98 16.13 59.11 5.91 12.30 0.10 2.95 0.01
110.91 14.89 51.31 4.32 12.29 0.10 2.95 0.01
110.90 14.91 51.25 4.31 12.29 0.10 2.59 0.01
110.90 14.88 51.25 4.31 12.29 0.10 2.59 0.01
107.36 14.41 51.25 4.31 12.29 0.10 2.59 0.01
107.37 14.40 51.25 4.31 10.66 0.08
107.37 14.41 44.49 3.04 10.66 0.08
103.84 13.92 44.43 3.02 10.66 0.08
103.85 13.93 44.43 3.03 10.66 0.08
103.85 13.93 44.43 3.02 10.66 0.08
100.33 13.40 44.43 3.02 9.24 0.06
100.33 13.39 38.52 2.05 9.24 0.06
100.33 13.39 38.52 2.05 9.24 0.06
96.81 12.79 38.52 2.05 9.24 0.06
96.82 12.79 38.52 2.05 9.24 0.06
96.81 12.79 38.52 2.05 8.01 0.05
95.79 12.60 33.39 1.36 8.01 0.05
95.81 12.61 33.40 1.36 8.01 0.05
95.80 12.61 33.40 1.36 8.01 0.05
93.26 12.08 33.40 1.36 8.01 0.05
93.27 12.09 33.40 1.36 6.95 0.04
93.27 12.09 28.94 0.89 6.95 0.04
TABLE S9: 4He Heat capacity data for the 26.95 mg Ni-Fe control sample
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T (K) Cp (J/mol K) T (K) Cp (J/mol K) T (K) Cp (J/mol K) T (K) Cp (J/mol K)
302.66 25.86 90.74 11.94 28.96 0.93 6.95 0.06
302.58 25.86 90.75 11.94 28.96 0.93 6.95 0.06
302.59 25.86 90.75 11.94 28.96 0.93 6.95 0.06
282.25 25.51 88.20 11.60 28.96 0.93 6.03 0.06
282.44 25.63 88.21 11.60 25.11 0.58 6.03 0.06
282.43 25.57 88.21 11.60 25.11 0.58 6.04 0.06
262.17 24.64 85.68 11.31 25.11 0.58 6.03 0.06
262.29 24.70 85.68 11.25 25.11 0.58 6.03 0.06
262.29 24.70 85.68 11.25 25.11 0.58 5.22 0.03
242.00 24.00 83.17 10.90 21.79 0.41 5.22 0.03
242.11 24.00 83.17 10.90 21.77 0.41 5.22 0.03
242.10 24.00 83.17 10.84 21.77 0.41 5.23 0.03
221.89 23.31 80.66 10.44 21.77 0.41 5.23 0.03
221.96 23.31 80.66 10.44 21.76 0.41 4.53 0.02
221.96 23.31 80.66 10.44 18.89 0.29 4.53 0.02
201.73 22.38 78.66 10.03 18.87 0.29 4.53 0.02
201.78 22.38 78.66 10.03 18.87 0.29 4.53 0.02
201.77 22.44 78.65 10.03 18.87 0.29 4.53 0.02
181.56 21.40 78.66 10.03 18.87 0.29 3.93 0.02
181.59 21.45 78.66 10.03 16.37 0.17 3.93 0.02
181.58 21.45 68.24 7.89 16.36 0.17 3.93 0.02
161.39 20.12 68.20 7.89 16.36 0.17 3.93 0.02
161.39 20.18 68.20 7.89 16.36 0.17 3.93 0.02
161.39 20.12 68.20 7.89 16.36 0.17 3.41 0.02
141.21 18.55 68.20 7.89 14.19 0.12 3.41 0.02
141.21 18.55 59.17 6.09 14.18 0.12 3.41 0.02
141.20 18.55 59.13 6.09 14.18 0.12 3.41 0.02
121.05 16.52 59.13 6.09 14.18 0.12 3.41 0.02
121.03 16.52 59.13 6.09 14.19 0.12 2.95 0.01
121.02 16.58 59.13 6.09 12.31 0.12 2.95 0.01
110.98 15.31 51.32 4.41 12.30 0.12 2.95 0.01
110.94 15.31 51.27 4.41 12.30 0.12 2.95 0.01
110.94 15.25 51.27 4.41 12.30 0.12 2.95 0.01
107.40 14.79 51.27 4.41 12.30 0.12 2.57 0.01
107.40 14.79 51.27 4.41 10.67 0.06 2.57 0.01
107.40 14.79 44.50 3.13 10.66 0.06 2.57 0.01
103.88 14.26 44.45 3.07 10.66 0.06 2.57 0.01
103.88 14.26 44.45 3.07 10.66 0.06 2.57 0.01
103.88 14.26 44.45 3.07 10.66 0.06
100.36 13.74 44.45 3.07 9.25 0.06
100.37 13.74 38.53 2.09 9.24 0.06
100.37 13.74 38.53 2.09 9.24 0.06
96.84 13.10 38.54 2.09 9.24 0.06
96.85 13.10 38.54 2.09 9.24 0.06
96.85 13.10 38.54 2.09 8.02 0.06
95.83 12.93 33.41 1.39 8.02 0.06
95.83 12.93 33.41 1.39 8.02 0.06
95.84 12.93 33.41 1.39 8.02 0.06
93.29 12.35 33.41 1.39 8.02 0.06
93.30 12.35 33.41 1.39 6.95 0.06
93.30 12.35 29.00 0.93 6.95 0.06
TABLE S10: 4He Heat capacity data for the 17.69 mg Ni-Fe control sample
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